. summarized the reported work on cellulose surface modification, usually the traditional solvent treatment needs a long reaction time and a harsh chemical reaction environment.
Our work is based on vapor phase modification, which is fast and clean, however, the lower cycle deposition only get Armstrong thickness or atomic scale loading of metal oxide, which could be strong under mild water molecule attack, long time water contact and high energy attacking would still cause the break of our films, this need to be further studied to get the most efficient and economic recipe. For lower cycle deposition of ALD process, only several Armstrong thickness could be got from the deposition, which brings extreme difficulties for material characterization, XPS is a surface sensitive technique with high element resolution and is widely applied for thin film material characterization. Therefore, XPS is the major technique used in this paper for low cycle ALD coated CNF films. However, it is known that nature polymers are fragile under X-ray beam exposure, they suffer from degradation in any high energy beams. To find the time limit for cellulose that could survive in X-ray environment and at the same time, obtaining spectrums with good resolution, we did a series of X-ray degradation study on pure cellulose film.
During the operation of XPS, focused beam X-ray (monochromatic Al K, beam diameter = 400 µm, E photon = 1486.6 eV) is generated to iridate the cellulose specimen in ultrahigh vacuum (10 -8 Torr), electrons with certain kinetic energy would be ejected from specimen and been transferred into the detector, this process may cause cellulose backbone and sidechain scissions happen, which degrades the cellulose chain degradation. To study the critical time for cellulose to begin degradation, we did continuous scan on one specimen, each scan takes one minute to finish and will generate a spectrum. A default XPS point probe has five scans to generate an average spectrum with less noise. Here, we did twenty scans for one spot on one specimen and did the deconvolution for each scan to study about the chemical structure change of cellulose. Figure S1 shows the deconvoluted spectrums for nth scan (n = 1 200 mg anthrone was fully dissolved in 100 mL 98% H 2 SO 4 by magnetic stirring for 20 minutes, and the solution was carefully stored in a refrigerator at ~15 °C. The standard is prepared as follows: 1mL deionized water were fully mixed with 4 mL anthrone acid solution, while for cellulose samples, 0.5 mL deionized water and 0.5 mL after sonication solution were mixed with 4 mL anthrone acid solution. All vials are heated in boiling water for 10 mins to make sure cellulose are fully oxidized by H 2 SO 4 . To measure the uv-vis transmittance of prepared solution, all solutions are diluted to 1/40 by mixing 0.1 mL solution with 3.9 mL H 2 SO 4 . Table 1 shows the recipes of anthrone method for standard and specimens. To make calibration standard, different concentration (0.1, 0.25, 0.5, 0.75,1.0, 1.25, 1.5 and 2.0 g/L) of CNF dispersion was made as standard solutions. UV-VIS absorption spectra was plotted in Figure S3 (a) , and the function of absorption vs. concentration was plotted in Figure  Figure S3 : (a) UV-VIS absorption spectra of calibration standards; (b) the function of absorption vs. concentration.
To further understand adventitious carbon adsorption to ALD metal oxide surfaces and its effects on wettability we also studied AlO x and TiO x films deposited on Si substrates. Figure S4 shows XPS survey scans and water contact angle wettability studies for 10cy-ALD AlO x and TiO x films prepared on silicon wafers. In general, we find that adventitious carbon adsorption to these surfaces appears to occur more slowly than to the ALD coated nanopapers. To account for this, we looked at both "freshly prepared" surfaces and surfaces that had been heated to 150 °C for 4h to accelerate carbon adsorption kinetics. Freshly prepared surfaces were quickly transported from the reactor to the XPS system within < 30 min using a plasma cleaned aluminum foil case (to minimize adventitious carbon exposure). It is clear that there is a small peak of carbon even on freshly made surfaces, however, after the annealing process, this peak increase significantly. WCA measurements are shown in Figure S4 (c-d) . Evident in these images is that the freshly made surfaces are hydrophilic. However, after "aging" (heating to 150 °C for 4h), the contact angle increases and the C 1s content appears consistent with the amounts we observe on the nanopaper.
These results suggest that these ALD made metal oxide surfaces do adsorb adventitious carbon that can lead to hydrophobicity, but it is not yet clear why this adsorption may occur faster on ALD coated nanopapers. Thus, these results cannot fully identify whether adsorption of adventitious carbon from the atmosphere or degradation of the cellulose due to exposure to the ALD precursors is the main source for the adsorbed hydrocarbons observed on the ALD coated nanopapers. It is important to notice that Al 2p peak only show one deconvoluted peak, which correspond to Al 2 O 3 in NIST database, and this confirms that ALD of TMA precursor will produce a one oxidation state of aluminum. Unlike TMA precursor, TiCl 4 react with water and form a more complex compound TiO x , which is composed of Ti 2+ , Ti 3+ and Ti 4+ oxides. 
